In the present study the feasibility of the use of a bacterial batch sequential anaerobic-aerobic process, in which activated sludge was used in both parts of the process, for pretreatment of wastewater generated by a textile dyeing factory has been considered. Activated sludge used in the process was obtained from a municipal wastewater treatment plant and adapted to real dyeing wastewater using either an anaerobic-only or an anaerobic-aerobic process over a period of 90 days.
INTRODUCTION
Dye-containing wastewaters contain a variety of pollutants including dyes, surfactants, salts and acetic acid. Amongst these components, dyes are the most difficult component to treat since they are of a synthetic origin and have a complex structure (Hai et al. ; Khan et al. ) . However, if not properly treated, dye-containing wastewaters can cause serious damage to the environment and cause health hazards. This happens even if the dye molecule itself is not toxic, since the dye's reduction metabolites (usually aromatic amines) may be mutagenic or carcinogenic (Rajaguru et al. ; Umbuzeiro et al. ) . Furthermore, the discharge of untreated or improperly treated dye-containing wastewaters into surface water leads to aesthetic problems as well as obstructing light penetration and oxygen transfer into water bodies, with a concomitant adverse effect on aquatic life (Pandey et al. ; Singh et al. ) Thus, before disposal, the dye-containing wastewaters have to be adequately decolorized.
In recent years, color removal from dye-containing wastewater has been the subject of many studies. Decolorization of dye-containing wastewaters can be performed using physical, chemical or biological methods (Khan et al. ) . However, physical and chemical methods may generate secondary pollution problems and/or are costly (Saratale et al. ) . Biological methods can potentially be a cost-effective method for both decolorization as well as mineralization of the dye-containing wastewater (Dos Santos et al. ) . A variety of microorganisms like bacteria, fungi, yeast, algae and plants have been used for this purpose. Amongst biological methods, bacterial decolorization and degradation of dyes has been the most studied method as it is inexpensive, eco-friendly and can be applied to a wide range of dyes (Saratale et al. ) .
The part of the dye molecule which is responsible for color is called the chromophore. The most important chromophores are azo (2 2N5 5N2 2) and anthraquinone (¼C5 5C¼ or ¼C5 5O) (Jamal et al. ) . Complete decolorization and mineralization of dye molecules can be achieved with bacterial systems by employing a sequential anaerobic-aerobic process. So the dye chromophore is first anaerobically reduced and the resulting dye reduction metabolites like aromatic amines are subsequently mineralized aerobically (Saratale et al. ) . However, the decolorization rates are extremely dependent on the type of dye, with azo dyes generally presenting the highest rates of decolorization. On the other hand, anthraquinone and phthalocyanine dyes are shown to be rather recalcitrant due to their much-stabilized fused aromatic ring structure (Dos Santos et al. ; Singh & Arora ) .
Bacterial decolorization can be performed using either single strains or mixed cultures. The latter is a potentially better choice since microbial consortia can collectively carry out biodegradation tasks that no individual pure strain can undertake successfully. There are also contamination risks for pure strains, and, therefore, the mixed cultures are easier to maintain under industrial conditions (Pearce et al. ) . It is also advantageous to use mixed culture because of high microbial diversity that helps to decrease toxicity effect and enhance process stability by resisting variation in quality and quantity of wastewater (Popli & Patel ) .
Although the decolorization and mineralization of synthetic azo dyesusually containing only one azo dyehas been the subject of numerous investigations, there are only a few reports on the bacterial treatment of real dyeing factory wastewaters. A review of these latter studies is presented in Table 1 . It can be seen that the majority of these studies have been carried out under anaerobic conditions only and with anaerobic sludge. Also, in almost all these studies the real wastewater was neutralized (Tomei ), external carbon source was added (Oh et al. ) , or the wastewater was diluted (Chinwetkitvanich et al. ) . All of these operations add to the cost of the treatment. Also comparison of the results of these studies with those reported for synthetic wastewaters containing only one dye reveals thatdue to the presence of many dyes molecules and dye types as well as many other chemicals used during the textile dyeing process the rate of decolorization is significantly reduced in the former (Imran et al. ) . Furthermore, the majority of these studies have been performed with wastewater of textile factories. However, another major source of dye-containing wastewater is factories which dye cloth or garments. The wastewater of these factories, especially in terms of the concentration and type of organic compounds, is likely to be very different to that of textile factories that also produce the yarn and cloth which is dyed.
The aim of the present study was the evaluation of the suitability of the use of the combined anaerobic-aerobic biological treatment employing conventional activated sludge for pretreatment of a colored wastewater from a textile dyeing factory. This factory was situated in an industrial estate and if the chemical oxygen demand (COD) and color of its wastewater could be reduced to below 500 mg/L and 100 SU respectively, it could be disposed to a centralized wastewater treatment plant. The main strategy employed for achievement of such an aim was the development of a suitable adaptation protocol and anaerobic and aerobic periods to achieve this aim. Furthermore, the necessity for pH adjustment and carbon source amendment was also considered as such operations add to the cost of the biological treatment process. Since one of the challenges of the treatment of real dye-containing wastewaters is their widely varying compositions during different periods of factory operation, several samples of the wastewater were used during the experiments carried out in the present study.
MATERIALS AND METHODS

Wastewater
Colored wastewater was obtained from a textile dyeing factory that applied dyes to natural and synthetic cloths. Discharge wastewater volume of this factory was approximately 250 (m 3 /day) and its chemical composition varied depending on the characteristics of the fiber material being dyed and the stage (e.g. dyeing, washing and drying) of the dyeing process. The industrial dye bath consisted of a mixture of dyes including Reactive Black 5, Reactive Red 195, Reactive Blue 222, Reactive Yellow 145, Disperse Red 167, Disperse Yellow 211, Disperse Red 60, 152 and 153, and Disperse Blue 56 and 60. In the textile dyeing factory, prior to the disposal to the industrial sewage system, the effluent wastewater was collected in three basins in series (each with a capacity of 150 m 3 ). All the wastewater samples used in the present study were obtained from the last basin using the grab sampling method.
In order to simulate the changing composition of the wastewater, the experiments were carried out with wastewater samples taken from various periods of the operation of the textile dyeing factory. The range of color, COD, pH and total dissolved solids of the wastewater samples were 165-240 SU, 790-1,600 mg/L, 9-9.5 and 90-100 mg/L, respectively. Turbidity of one of the samples was measured as 59 NTU. 
Anaerobic-aerobic decolorization experiments
The anaerobic-aerobic decolorization experiments were carried out sequentially and in batch mode. The shaker incubator was set to 180 rpm and 38 W C in both anaerobic and aerobic phases. The anaerobic phase of the runs was performed in 100 mL serum bottles containing 80 ml of a mixture of activated sludge and the textile factory wastewater. In some runs, the wastewater was enriched with a nutrient solution composed of glucose (as carbon source), NH 4 Cl (as nitrogen source), KH 2 PO 4 and K 2 HPO 4 (as phosphorus source) in ratio of COD/N/P ¼ 100/5/1. After filling, the serum bottles were purged with nitrogen gas and closed and sealed with rubber stoppers and aluminum crimps. The aerobic phase was carried out in 500 mL Erlenmeyer flasks, filled with 200 ml of the unamended effluent of the anaerobic phase and placed inside a shaker incubator.
Adaptation of the activated sludge to real wastewater
The activated sludge was collected from a municipal wastewater treatment plant in Tehran. The activated sludge was adapted to the dyeing wastewater during a period of 90 days using two protocols. In the first protocol, activated sludge was fed with a mixture of nutrient medium and dyeing wastewater, starting with a feed mixture of 90% nutrient medium and 10% dyeing wastewater using a sequential anaerobicaerobic process. When decolorization exceeded 50%, the proportion of the wastewater in the mixture was increased by 10%. This procedure was repeated until pure wastewater was used as feed. The nutrient medium composition was glucose: 1 g/L, NH 4 Cl: 0.189 g/L, and KH 2 PO 4 and K 2 HPO 4 : 0.02 g/L and 0.025 g/L, respectively. NaHCO 3 was sometimes added to enhance the buffering effect of the medium. The second adaptation protocol was similar to the first with the difference that activated sludge was only exposed to anaerobic cycles.
Analytical methods
Before analysis, the samples were centrifuged for 10 minutes at 4,500 rpm. The absorbance of the samples was scanned through the visible range (400-700 nm) using a V550-JASCO UV-visible spectrophotometer and the areas beneath the absorption-wavelength curve was calculated and expressed as SU (Eckenfelder et al. ) . For determination of the fate of anaerobic dye reduction metabolites during aerobic phase, samples were scanned through the ultraviolet range (200-400 nm). COD analysis was carried out in accordance with standard methods (Jenkins et al. ) . The pH and turbidity were measured by a Metrohm-744 pH meter and Hach-2100N, respectively. Each experiment was repeated at least three times.
RESULTS AND DISCUSSION
Microbial adaption to real textile wastewater
The results of the runs aimed at adapting the activated sludge to the textile dyeing wastewater using sequential anaerobic-aerobic or anaerobic cycles are presented in Figure 1 . During the first three cycles, owing to the increase in turbidity of the mixed liquor due to changing environment of the activated sludge from aerobic to anaerobic, which results in damage to or lysis of some aerobic Figure 1 | (a) The color of the feed and overall decolorization efficiency during sequential anaerobic-aerobic cycles in which activated sludge was exposed to varying mixture of nutrient media/textile dyeing wastewater (the percentage values refer to the proportion of the textile dyeing wastewater in the feed). (b) The color of the feed and overall decolorization efficiency during anaerobic cycles in which activated sludge was exposed to varying mixture of nutrient media/textile dyeing wastewater (the percentage values refer to the proportion of the textile dyeing wastewater in the feed).
microbes, accurate determination of color removal was not possible. Sȩn & Demirer () studying the anaerobic treatment of real textile wastewater reported that unadapted sludge was unable to remove color during the first 24 days, which was therefore considered as the adaptation period. The results presented in Figure 1 reveal a general increase in color removal efficiency with increase in the strength of the wastewater, suggesting that the bacterial population in the activated sludge was gradually adapting to the wastewater during both adaptation runs. According to Khan et al. () , when microorganisms are gradually exposed to higher levels of pollutants, they get adapted by evolving mechanisms and pathways for degrading them. This happens through expression of genes encoding for enzymes responsible for degradation.
The maximum decolorization efficiency during adaptation runs using anaerobic-aerobic and anaerobic-only cycles was approximately 80% and 70%, respectively, indicating a better adaptation of the activated sludge in the former process. Also, during the adaptation process, sludge volume index increased from 132 to 62 (mL/g of mixed liquor suspended solids (MLSS)).
During the anaerobic-aerobic adaptation process (Figure 1(a) ), the anaerobic phase was the main contributor to color removal, whereas in most cases the color of the wastewater actually increased during the aerobic phase. The latter is attributable to the auto-oxidation of the aromatic amines formed in the anaerobic phase as a result of dye reduction (Frank et al. ; Hai et al. ) . Some of the aromatic amines, formed during the anaerobic reduction of the dyes, are unstable under aerobic conditions and undergo auto-oxidation reactions. Auto-oxidation is often a faster process than biodegradation and the compounds are usually recalcitrant. It has been observed that aromatic amines with ortho-substituted hydroxyl groups are particularly susceptible to auto-oxidation (Popli & Patel ) . This fact was confirmed by applying additional aeration to the wastewater at the end of both the anaerobic and anaerobic-aerobic adaptation experiments. As the result of this aeration, the color removal efficiency for the anaerobic and anaerobic-aerobic runs dropped to 48% and 74%, respectively. This suggested that, due to auto-oxidation of the dye reduction metabolites, additional color forms upon aeration of anaerobically treated wastewater, whichgiven a sufficient period of aerationsis removed from the wastewater. Therefore, it was concluded that the anaerobic-aerobic process and the activated sludge adapted using this process were a more suitable choice for the treatment of the dyeing factory wastewater. It is also conceivable that dye desorption from activated sludge was partly responsible for the observed color formation during aerobic phase.
Color and COD removal during one cycle
The COD and color profiles during one batch of the anaerobic-aerobic process in which undiluted textile dyeing wastewater was fed to adapted activated sludge is presented in Figure 2 . The results confirm the fact that the anaerobic phase was responsible for color removal whereas the majority of the COD removal occurred in the aerobic phase, which is another advantage of the sequential anaerobic-aerobic over the anaerobic process. The highest decolorization rate (15 SU per hour) was achieved during the first 3 hours of the anaerobic phase, and the maximum decolorization efficiency (72%) was achieved after 34 hours into the anaerobic phase. The fact that no further decolorization occurred after 34 hours of the anaerobic phase suggests that the dyeing wastewater contains some dyes not amenable to biologically mediated anaerobic reduction. The presence of unbiodegradable dyes in textile dyeing wastewaters has also been reported previously (Fontenot et al. ; Lee et al. ) . According to the results presented in Figure 2 , the optimum duration for anaerobic and aerobic phases was 34 and 22 hours, respectively.
It should be pointed out that the dyeing factory whose wastewater was used in the present study was located in an industrial estate and its wastewater was disposed to a centralized wastewater treatment facility. The COD and color of the effluent of the anaerobic-aerobic process was within the limits (COD < 500 mg/L and color <100 SU) set by this centralized wastewater treatment facility.
The pH profile, which is presented in Figure 3 , reveals a 2 unit drop in the pH during one cycle. This is attributable to the activity of the facultative anaerobic bacterial population in activated sludge, which in the absence of molecular oxygen will convert the carbon sources present in the wastewater to volatile fatty acids (VFAs), which due to the absence of methanogenic populations will accumulate during the anaerobic phase. The accumulation of VFAs, during anaerobic bacterial dye decolorization has been reported previously (Sponza & Isik ; Somasiri et al. ; Khalili & Bonakdarpour ; Bonakdarpour et al. ) . The degradation of these compounds explains the subsequent rise of pH during the aerobic phase, a fact also observed previously by Sponza & Isik () .
Effect of pertinent parameters of the anaerobic-aerobic process on its treatment performance
The effect of initial MLSS concentration, addition of extra carbon source and neutralization of the dyeing wastewater on the treatment performance of the anaerobic-aerobic process was also investigated in the present study. MLSS was studied because it has an important effect on decolorization and COD removal (Khalili & Bonakdarpour ) . The effect of pH and addition of carbon source was studied because they affect the economics of the anaerobic-aerobic process.
In order to study the effect of MLSS on decolorization efficiency, experiments were carried out at four initial MLSS concentrations in the range 1,500-9,000 mg/L. The results (not presented) indicated a positive effect of MLSS on decolorization efficiency for MLSS in the range 1,500-6,000 mg/L, whereas further increases in MLSS up to 9,000 mg/L had no effect. The enhancing effect of MLSS, in the range 1,000-5,000 mg/L, on anaerobic decolorization efficiency in the case of the treatment of a synthetic dye by adapted activated sludge was previously reported by Khalili & Bonakdarpour () . In another study on bacterial decolorization of a synthetic wastewater containing Reactive Violet 5, increasing MLSS concentration from 2,200 to 9,000 (mg/L) caused improvement in decolorization efficiency (Keharia et al. ) .
The effect of initial MLSS concentration, in the range 4,500-9,000 mg/L, on COD removal efficiency was also investigated in the present study. The results (not presented) showed only a slight effect of MLSS on COD removal efficiency in the range studied. In order to study the effect of the addition of external carbon source three anaerobic-aerobic batches, each with 2 days' anaerobic phase and 2 days' aerobic phase, were performed in series. In the first experiment 1 g/L glucose was incorporated in the dyeing wastewater whereas the second and third experiments were conducted without any addition of glucose. The anaerobic and overall decolorization efficiency at the end of the first, second and third runs were 63% and 64%, 66% and 68%, and 65% and 66%, respectively, which suggested that the addition of 1 g/L glucose to the dyeing wastewater did not significantly enhance the anaerobic or overall decolorization efficiency. In order to see whether addition of glucose has an effect on decolorization rate, a separate set of two experiments, one with addition of 1 g/L glucose the other without, was conducted in which the decolorization efficiency was monitored at various points during the process. The results presented in Figure 4 show that addition of 1 g/L glucose did not improve the anaerobic decolorization rate either. Some previous studies have reported that the addition of external carbon source to real wastewater did not significantly improve decolorization efficiency or, up to a limit, improved anaerobic decolorization efficiency of azo dyes. Chinwetkitvanich et al. () reported that adding 500 mg/L tapioca (external carbon source) did not improve decolorization efficiency, However, when the co-substrate or tapioca was added to the synthetic wastewater a better color removal was observed. Sȩn & Demirer () observed that the addition of up to 2 mg/L glucose can improve decolorization efficiency but further increases did not have any effect. The findings of the present study suggest that the carbon sources already present in the dyeing wastewater, which included acetic acid, have been sufficient for providing the reducing equivalents necessary for the anaerobic decolorization of the dyes present in the wastewater. The carbon sources potentially present in the wastewater include acetic acid or starch (Wang et al. ) that originate in the wastewater from washing of natural fiber.
The pH of dye bath wastewaters is normally basic, and for this reason in some biological decolorization studies the dyeing wastewater has been neutralized before the start of the experiments (Kapdan & Oztekin ) . However, such a practice will add to the operating costs of the biological treatment process when conducted on an industrial scale. It was therefore decided to investigate this matter further in the present study. For this purpose two sets of experiments were conducted, one in which the pH of the dyeing wastewater (9.2) was not adjusted and the other in which neutralized wastewater was employed. The anaerobic decolorization and overall decolorization efficiency as well as overall COD removal obtained at the end of both experiments were the same and equal to 75%, 65% and 70%, respectively. It was therefore concluded that adjustment of the pH of the dyeing wastewater does not have a significant impact on either the decolorization efficiency or COD removal of the process. Çetin & Dönmez () reported similar anaerobic decolorization of a synthetic wastewater by bacterial isolated from a textile effluent at pH of 7 and 8 whereas experiments at pH of 6 resulted in lower anaerobic decolorization efficiency. Alkaline pH has been reported as suitable for bacterial decolorization of synthetic wastewaters containing a single dye by a pure bacterial culture (Chang et al. ) as well as a bacterial consortium (Jadhav et al. ) . However, it should be noted that the effect of neutralization on dye and color removal rate, parameters which affect the economics of the wastewater treatment process, was not determined in the present study.
The fate of anaerobic dye reduction metabolites during the aerobic phase of the anaerobic-aerobic process UV spectrophotometric analysis was carried out to follow the fate of anaerobic dye reduction metabolites during the aerobic phase. Previous studies have reported the appearance of UV peaks at wavelengths of 205 nm and 255 nm variety of azo dyes; for this reason, peaks at various wavelengths are seen in a representative chromatogram of samples taken from the end of the anaerobic phase of the process ( Figure 5 ). The reduction in the height of these peaks after the aerobic phase indicates partial mineralization of the anaerobic dye reduction metabolites. The fact that the height of the peaks did not return to that present in the chromatogram of the dyeing wastewater sample suggests that only partial mineralization of the dye reduction metabolites have occurred at the end of the anaerobicaerobic process. A rough idea as to the extent of mineralization of the dyes in the dyeing wastewater during the anaerobic-aerobic process was obtained by dividing the area under the curves in the ultraviolet region (200-400 nm) of the chromatogram for the sample at the end of the aerobic phase by the corresponding area in the chromatogram of the sample at the end of the anaerobic phase. This indicated that approximately 57% of the anaerobic dye reduction metabolites were aerobically mineralized. Previous studies have indicated that, whereas most aromatic amines resulting from the anaerobic reduction of azo dyes do not biodegrade anaerobically, some such as those represented by aryl sulfonates, amino benzene and amino naphthyl sulfonates, which are the constituents of many azo dyes, are also recalcitrant to aerobic biodegradation (Pandey et al. ) .
CONCLUSION
In the present study, an anaerobic-aerobic process employing conventional activated sludge was evaluated as a pretreatment of a textile dyeing factory wastewater before disposal to a centralized wastewater treatment facility. The bacterial population inside the conventional activated sludge was successfully adapted to the wastewater by long time exposure to wastewater of gradually increasing strength under anaerobic-aerobic cycles. The use of the adapted activated sludge with anaerobic phase equal to 34 hours and aerobic phase of around 22 hours duration resulted in reduction of the COD and color of the wastewater to below limits (500 mg/L and 100 SU respectively) set for disposal to the centralized treatment plant. The study of the effect of some pertinent factors of the anaerobic-aerobic process showed that increase in initial MLSS, up to 6,000 mg/L, enhanced the decolorization efficiency whereas further increase did not have any effect. Amendment of the wastewater with 1 g/L glucose did not affect the decolorization efficiency and rate whereas the experiments with raw and neutralized wastewater yielded similar overall decolorization efficiencies.
